The NHC-64 statistical equations for predicting the movement of hurricanes have been in operational use for 4 yr.
INTRODUCTION
I n a recent paper Miller and Chase [2] described a statistical method for predicting the movement of tropical cyclones. The method (referred to as the NHC-64 system) is capable of preparing forecasts for periods up to 72 hr. (the 48-72 hr. portion of the forecast having been added since the publication of the paper).
For the past 3 yr. the NHC-64 forecasts have been prepared routinely at the National Meteorological Center (NMC) from data obtained from NMC's objective analyses.
Comparison of various hurricane forecast methods by Tracy [3] , Miller and Chase [2] , and Dunn, Gentry, and Lewis [l] indicated that the NHC-64 technique was the best objective method in operational usage at the end of the 1966 season. The verification data also showed that the accuracy of the forecasts prepared by the NHC-64 equations was comparable to that obtained by the most experienced hurricane forecasters. Dunn, Gentry, and Lewis' data also showed a significant improvement in the accuracy of the official Weather Bureau hurricane forecasts over a 13-yr. period. Figure 1 shows the results of their study for one geographical area. While it is difficult to say with certainty just what caused the improvement in the hurricane forecasts, Dunn et al. attribute it to increased experience on the part of the forecasters, closer cooperation between forecast and research personnel, and to the development of improved objective forecast techniques. I t is a t least encouraging to note that one of the improvements indicated by the block diagram in figure 1 coincided with the development of improved objective forecast methods.
After 4 yr. of operational use (at the end of the 1967 season) , the NHC-64 equations have continued to perform well. However, a t the end of the 1966 season, it was apparent that the equations could be improved. After doing well in forecasting the movement of hurricane Faith (1966) and the first half of Inez (1966) , the NHC-64 method did poorly in foreca.sting the erratic movement of Inez southwestward through the Gulf of Mexico. As a result of this unsatisfactory performance, the data have been reexamined, and a new set of prediction equations have been derived. The screening techniques used in deriving the NHC-67 equations were identical to those used in developing the NHC-64 set and will not be discussed here. These predictors were included because of their obvious relationship to'the geostrophic vorticity and to the vorticity advection. Some of them were selected during the screening process. P, and P, are the past 12-hr. movement of the center in nautical miles, with westward and northward being positive.
THE REVISED FORECAST EQUATIONS
Equations were derived to forecast the northward and the westward movement of the hurricane center for periods up to 48 hr. in 12-hr. steps as was done in the earlier work. The NHC has an operational requirement to issue 72-hr. forecasts, and equations were derived to make the 48-72 hr. forecast, but the authors feel that these equations are of questionable value, and they will not be discussed here.
The initial stratification of the data continued to be according to latitude, with 27.5'N. (which is in the South Zone) being the dividing line. This stratification is done primarily to make some use of the different climatology of the two zones. It is also dictated by the fact that many of the data for the southern portion of the grid are missing in the South Zone, and stratification permits the use of many more data points in the North Zone than would be possible if all latitudes were screened at once.
The North Zone equations were derived in the following way: An initial screening was done using all available data (236 cases). A preliminary 24-hr. forecast was then prepared, using the dependent data sample. For cases where the initial forecast speed was 7.0 kt. or more (165 cases), the data mere screened again to develop a set of fast equations. From those cases where the preliminary forecast was less than 13.0 kt. (165 cases), a set of slow equations was derived. I n operational usage, the preliminary equations were applied if the initial forecast was equal to or greater than 7.0 kt., but less than 13.0 kt. The slow equations were used if the initial forecast was less than 7.0 kt., and the fast equations were used if the preliminary equations forecast 13.0 kt. or more. This procedure was adopted on the theory that certain predictors would be selected in different order, or given different weights when used t o forecast slow moving and fast moving storms. It was also reasoned that such a stratification would be helpful in forecasting the extreme cases, which statistical methods frequently fail to do. It was also felt that this procedure would result in a crude classification according to synoptic types in a manner similar to the more elaborate scheme proposed by Tse [4] for typhoon forecasting in the Pacific area.
The screening process was terminated when a maximum number of 15 predictors had been selected, or when the F-ratio became less than 1.0. The screening program used, however, writes the regression equations following the selection of each predictor. As a general rule the equation selected for operational testing was the last one which resulted in a reduction of the unexplained variance by 1.0 percent or more, although a few predictors were retained which resulted in a reduction of variance of less than 1.0 percent. The list of predictors (in the order selected), the forecast equations, the reductions in variance contributed by each predictor, and the residual errors for the three sets of equations are listed in table 2. It will be noted that there are several significant differences in selection of predictors and the contribution each makes to the reduction in variance. For example in the 00-12-hr. west equations, the past motion, P,, contributes 75.5 percent t o the reduction in the fast equations, but only 42.0 percent in the slow set. I n the 12-24-hr. north equations m0 was selected first in the preliminary and in the fast equations, but in the slow equations PV, was the first to be selected. I n the 12-24-hr. west equations, HU, contributed 63.6 percent to the reduction in variance in the fast set, but only 43.6 percent in the slow set. A careful examination of table 2will reveal numerous other differences of this nature.
For the South Zone a preliminary set of equations was obtained by screening the 224 available cases. A second screening was also done in an effort to improve the forecasting of the slow, or erratically moving hurricanes, such as Flora (1963), Ginny (1963) , Betsy (1965) , and Inez (1966) . Bases for selection of these cases were: Past motion or preliminary forecast equal to or less than 6.0 kt., DZ37 was + 10 m. or more, and HV7 was 0.0 kt. or less.
A total of 135 cases fell within this group. The second set has been termed the slow equations, although some hurricanes with predominantly fast westward motion may also be included, as for example when Z,, is above normal and rising. The pertinent data for these two sets of equations are listed in table 3. As in the North Zone, there are numerous differences between the two sets of equations.
I n the 12-24-hr. west preliminary equations Z,, was selected first and contributed 64.3 percent to the reduction in variance, while in the slow equation P , was selected first, contributing 62.7 percent to the reduction in variance.
In the 24-36-hr. north equations, DZs0 was selected first in the preliminary set, while PV, was picked first in the slow set. In the 24-36-hr. west equations, Za7 was picked first in the preliminary set, while ZU, was first in the slow set, in which Z,, was selected eighth. A comparison between the accuracy of the forecasts prepared by the preliminary equations and those prepared by the several optional sets will be presented in a later section.
The earlier paper by Miller and Chase 121 discussed possible physical relationships between the predictors selected by the screening process and predicted tracks. The current study has more or less confirmed the conclusions based on the earlier one, without indicating much additional information concerning the physical interpretation of the results of the screening. For this reason only a brief summary will be repeated here. Figure 3 shows the location of the 24-hr. height changes selected as predictors. They are listed without regard to level, since changes a t the three levels are highly correlated with each other. In the interest of simplicity Total P R 32. 3 Residual Error P R no differentiation is made regarding forecast period to which each applies. Many of the changes were selected more than once, but this is not indicated for cases where the coefficients of the predictor had the same sign every time it was selected. The sign, + or -by the grid point indicates the sign of the coefficient of that predictor in the forecast equations. Figure 3a indicates that in general rises to the south or east and falls to the north and west are associated with northward movement. One exception (also noted in the NHC-64 equations) is a tendency for northward motion to be associated with rises over the extreme northwest portion of the grid and falls along the northeast portion. Both probably indicate the progression of short waves in the westerlies across the northern portion of the grid, and that the passage of the wave normally has the effect of accelerating the center northward. The tendency for northward motion to be associated with rises over the north central part of the grid is somewhat anomalous, . . . and is perhaps a reflection of the height change pattern associated with storms moving on a northwestward track. Figure 3b shows the changes selected for forecasting westward motion. There is nothing unexpected in this figure, since there is a tendency for westward motion to be associated with rises to the north of the center and falls to the south, while falls to the north and rises to the south are related to eastward motion.
The heights (in addition to those used in making geostrophic computations) selected as predictors in the equations for forecasting northward motion are listed in figure 4a , and those for forecasting westward motion in figure 4b . These confirm the earlier conclusion that northward motion is associated with above normal heights to the east, or well to the west of the center, and with below normal heights just north and west of the center. Southward or below normal northward progression would be associated with above normal heights to the north and west of the center, or with below normal heights several hundred miles to the west. Figure 4b shows that westward motion is associated with above normal heights to the north and west, while eastward movement should be expected if heights are below normal to the north or west of the center.
VERIFICATION OF SOME HURRICANE FORECASTS
The NHC-64 forecast equations have now been in operational use for 4 yr. Figure 5 shows a summary of the average forecast errors by geographical areas. The equations have continued to produce forecasts of about the same order of accuracy indicate& in the earlier report by Miller and Chase [2] . For example the overall average errors are 117 n.mi. for a 24-hr. forecast and 274 n.mi. for a 48-hr. forecast, compared with the 2-yr. averages of 109 n.mi. and 261 n.mi. I n area "B" the averages for 4 yr. of operations are 96 and 216 n.mi., compared to the 2-yr. averages of 81 and 187 n.mi. reported in the previous paper. These numbers indicate that the equations are relatively stable. Much of the increase in the forecast. errors is due to a few erratically moving hurricanes, e.g. Inez (1966) and Doria (1967) . Figure 6 shows a comparison between the errors in the forecasts prepared by the NHC-64 and the NHC-67 sets of equations. This is a homogenous comparison based on 1966 and 1967 data. The 1967 forecasts were operational forecasts, and the 1966 forecasts were prepared from independent data used to prepare the operational NHC-64 forecasts. The improvement appears to be significant. For example the 48-hr. errors in area "B"
were reduced from 251 to 211 n.mi., while the 24-hr. the 24-hr. errors were reduced from 123 n.mi. to 101 n.mi. (for a total of 99 forecasts). The question as to whether or not the stratification and rescreening described in section 3 actually improved the final forecasts may logically arise. To answer this question the forecasts for the 2 independent yr. (1966-67) were prepared in both ways. The forecasts were prepared by use of the preliminary equations only, and these have been compared with the forecasts made by the various sets of optional equations listed in tables 2 and 3. The comparisons are shown in figure 7. Only those cases when one of the alternate choices was made are considered, i.e. the forecasts compared are homogenous.
In all areas the average error in the final forecasts are smaller than the preliminary errors. The averaged 24-hr. errors for 51 cases for all areas was 121 n.mi. for the preliminary and 90 n.mi. for the final forecasts. In area "B" the averages were 106 n.mi. and 79 n.mi., respectively, for 30 cases. For 48-hr. forecasts the average errors (47 cases) for all areas were 299 n.mi. for the preliminary and 250 n.mi. for the final forecasts. In area "B", the averages were 256 n.mi. and 210 n.mi. for 27 cases. These numbers seem to substantiate the validity of the method used in the stratification of the developmental data.
Prior to the 1967 hurricane season, the official Weather Bureau forecasts were prepared to verify a t advisory times, i.e. at 0400 GMT and at 6-hr. intervals thereafter. This made it difficult to compare the official forecasts with the objective forecasts, since the latter have always been prepared to verify at synoptic times, usually 0000 GMT and 1200 GMT only. In 1967 the Weather Bureau began to issue forecasts with the verifying time coinciding with the synoptic times. This has permitted a direct comparison of the official forecasts with the objective forecasts. One such comparison between the official forecast and the NHC-67 forecasts is presented in figure 8 . This is a homogenous comparison based on all available NHC-67 forecasts prepared operationally during the 1967 season.
For a 24-hr. forecast (51 cases) for all areas, the NHC-67 average error was 109 n.mi., where the official error was 119 n.mi. For area "B", however, the official average was smaller (21 cases) being 79 n.mi. against 87 n.mi. for the NHC-67. For 48-hr. forecasts the average errors for the official forecasts were smaller in area "B" considered alone and when all areas were combined. However, in many cases the forecasters prepared the official forecast after seeing that made by the NHC-67 system.
SOME REMAINING PROBLEMS
While the NHC-64 equations continue to perform well after 4 yr. of operational use, and while the NHC-67 version seems to be a slight improvement over the earlier set, experience gained from the use of these methods has indicated some remaining problems. Unfortunately, however, this experience does not point to an obvious solution of the problems, and it is in fact problematical if the data situation and the nature of the statistical process will permit any great additional increase in the accuracy of such forecast techniques as the NHC-64 and NHC-67 equations. However, NHRL and NHC will continue efforts to improve these methods (while at the same time attempting to develop more satisfying dynamical hurricane prediction models), and perhaps a statement of some of the problems is in order here.
In a statistical climatological sense, to make a 48-hr. forecast it is necessary to consider data more than 2,000 mi. away from the center of the hurricane. This is indicated by figures 3 and 4. It occasionally happens that the circulation so f a r away has no effect on the motion of the hurricane during the 48-hr. forecast period. This happens when a series of short waves with small amplitude are moving rapidly in a predominantly strong zonal flow separated from the hurricane by a narrow ridge. In such cases too much northward motion, or a too rapid recurvature of the center may be forecast.
Another situation in which the statistical forecast systems do not do well occurs when the circulation patterns over the grid do not evolve in a normal manner (in a statistical sense), as for example, when a quasistationary blocking ridge is present to the north or northeast of the hurricane. This prevents the normal progression of troughs and ridges (which the statistical forecast system must consider), and an inferior forecast can result. In such cases, unfortunately, it is difficult to anticipate in what sense the forecast may be in error.
Another difficulty occurs when a small hurricane is located near or south of 15.0'N. lat. I n some (but not all) of these cases, the statistical techniques tend to forecast too much northward motion as the small cyclone may not be able to break through a narrow ridge to the north. Some suggested means for correcting this deficiency are to stratify the dependent data on the basis of storm size, or derive a set of equations for storms south of 20.0°N., but it is doubtful if there are enough cases to permit any meaningful sample size. An objection to these suggestions is the fact that frequently the impulse which eventually leads to the hurricane breaking through a subtropical ridge originates in the middle latitude westerlies and not at low latitudes. Finally, problems have arisen due to the use of actual values of the heights of the constant pressure surfaces as predictors. During the latter part of the hurricane season, the heights may depart significantly from the seasonal normal, particularly over the northern portions of the grid. Perhaps more
